Starvation-induced autophagy is regulated by a directly interaction between anti-apoptotic proteins Bcl-2/Bcl-xL and autophagy-related protein Beclin 1. Beclin 1 is also considered to involve in multiple vesicle trafficking pathways such as autophagosome elongation and endocytosis by binding to Atg14L and UVRAG. However, precise roles of Bcl-2/Bcl-xL-Beclin 1 complex in anti-bacterial autophagy (xenophagy) are poorly understood. Recently, we reported that Bcl-xL but not Bcl-2 regulates xenophagy using Group A Streptococcus (GAS; Streptococcus pyogenes) infection model. Knockout of Bcl-xL promoted autophagosome-lysosome fusion and the GAS internalization to host cells. Additionally, knockout of Beclin 1 significantly decreased the GAS internalization. Furthermore, UVRAG interacts with Bcl-xL during GAS infection, and overexpression of UVRAG partially rescued the GAS internalization defect of Beclin 1 knockout (KO) cells. Taken together, our study demonstrates new functions of Bcl-xL in xenophagy as a directly suppresser of autophagosome-lysosome fusion and an indirectly suppresser of GAS internalization via interaction with Beclin 1-UVRAG.
Introduction
Autophagy is a highly conserved catabolic system required for degrading and recycling long-lived proteins and damaged organelles to maintain homeostatic environment within cells. Autophagy also served as an important intracellular immune system against intracellular invasive bacteria such as Group A streptococcus [1] , Salmonella enterica serovar Typhimurium (S. typhimurium) [2] , Listeria monocytogenes [3, 4] , and Shigella flexneri [5] . These anti-bacterial autophagic processes are called xenophagy. Although xenophagy uses common fundamental machinery with starvation-induced autophagy (e.g. the dependence on Atg5 and LC3), its regulation mechanisms may be largely distinct from starvation-induced autophagy because xenophagy can be selective process targeting not only excess or damaged proteins but also modified proteins (e.g. ubiquitinated).
RESEARCH HIGHLIGHT
Group A Streptococcus (GAS; Streptococcus pyogenes) is one of the most clinically important bacterial pathogen and causes several human diseases [6] . GAS can invade epithelial cells via endocytosis, but host cells induce apoptosis [7, 8] and autophagy to combat intracellular GAS. Although an M1T1 strain of GAS was shown to avoid xenophagy [9] , in particular, serotype M6 GAS has been shown to be clearly captured and degraded by xenophagy [1] , therefore this infection model is widely used for probing mechanisms of xenophagy as well as apoptosis.
Bcl-2 and Bcl-xL are classified in anti-apoptotic Bcl-2 family proteins and attenuate apoptotic cell death pathway either by suppressing caspase activation, or by preventing the release of apoptogenic factors from mitochondria such as calcium, cytochrome c, and AIF (apoptosis-inducing factor) into the cytoplasm [10] . It is known that apoptotic cell death by GAS internalization to epithelial cells is inhibited by the overexpression of Bcl-2 [7] . In addition to their anti-apoptotic functions, Bcl-2 and Bcl-xL have been shown to inhibit autophagic function by interacting Beclin 1 (the mammalian ortholog of Autophagy-related gene (Atg) 6/vacuolar sorting protein (Vps) 30 in yeast) through binding to its Bcl-2-homology (BH)-3 domain [11] . Beclin 1 is a BH-3 domain only protein and was first discovered as a Bcl-2-interacting protein [12] . Beclin 1 has been known to form a complex consisting of the class III type phosphatidylinositol 3-kinase (PI3KC3)/Vps34 and p150/Vps15. Vps34 produces a pool of phosphatidylinositol 3-phosphate (PtdIns3P) at the endoplasmic reticulum (ER), which is crucial for the nucleation of autophagosome formation [13] . While Bcl-2 and Bcl-xL function as inhibitors for autophagic pathway by suppressing the activity of Beclin 1 [14, 15] , other Beclin 1 binding molecules such as UV radiation resistance-associated gene protein (UVRAG) and Atg14L positively stimulate starvation-induced autophagy [16] [17] [18] [19] . Furthermore, while many studies have shown a central role for Beclin 1 in autophagic process, accumulating evidence has demonstrated that the binding of Beclin 1 to Vps34, UVRAG and Bcl-2/Bcl-xL was shown to have a distinct role in endosomal pathways beyond the regulation of autophagy. It has been demonstrated that Bcl-2 and Bcl-xL interact with various trafficking related proteins including calnexin, Rab7, and vesicle associated membrane protein (VAMP) 3 and are involved in vesicle trafficking [20] . The UVRAG/Vps38-associating Beclin 1-Vps34 complex is also thought to be involved in multiple vesicle trafficking pathways including endocytosis and vacuolar protein sorting as well as autophagy [21] [22] [23] [24] . Although possible or definite involvement of Bcl-2 and/or Bcl-xL-Beclin 1 complex in starvation-induced autophagy and endosomal pathways has been demonstrated, its precise roles in bacterial invasion and xenophagy are not fully understood.
Recently, we demonstrated new functions of Bcl-xL in xenophagy [25] . In GAS infection, Bcl-xL but not Bcl-2 regulated autophagosome formation, which was attributed to increased number of invaded GAS. In addition, Bcl-xL also regulated GcAV-lysosome fusion, which consequently affects the intracellular survival of GAS. Knockout of Beclin 1, a binding partner of Bcl-xL, resulted in a reduction in the number of internalized GAS. Furthermore, UVRAG can bind not only to Beclin 1 but also to Bcl-xL, and overexpression of UVRAG partially rescues the defective GAS internalization in Beclin 1 knockout (KO) cells.
Results and Discussion
First, we confirmed the function of Bcl-2 and Bcl-xL in starvation-induced autophagy. The number of LC3 puncta and LC3-II levels were reduced in cells overexpressing of both Bcl-2 and Bcl-xL. Therefore, our data is also consistent with previous studies that indicate Bcl-2 and Bcl-xL suppress starvation-induced autophagy.
Secondly, we evaluated the function of Bcl-2 and Bcl-xL during GAS infection. The rate of GAS-containing autophagosome-like vacuoles (GcAV) formation and LC3-II levels were reduced in cells transfected with Bcl-xL but not Bcl-2. On the other hand, overexpression of Bcl-xL did not affect the GcAV-lysosome fusion and the intracellular survival of GAS. Notably, the invasion ability of GAS was significantly reduced in Bcl-xL-overexpressing cells, which was conceivable that decrease in GAS internalization caused the reduction in GcAV formation rate. These results suggest that the decrease of GAS internalization is responsible for the reduction in GcAV formation in Bcl-xL-overexpressing cells, and that overexpression of Bcl-xL did not affect degradation of GAS by autophagy.
Following the results from experiments using overexpressing cells, we next established Bcl-xL knockout (KO) HeLa cell line and evaluated the role of endogenous Bcl-xL. In Bcl-xL KO cells, the number of LC3 puncta and LC3-II levels were increased under both nutrient-rich and starvation conditions. These results suggest that endogenous Bcl-xL regulates either autophagosome formation or maturation, under both basal and starvation conditions. We also assessed the influence of endogenous Bcl-xL on GAS internalization and xenophagy. The GAS internalization and GcAV formation were significantly enhanced in Bcl-xL KO cells. Similarly, LC-II levels in Bcl-xL KO cells were higher than that in wild-type cells. Interestingly, the colocalization rate of GcAVs and lysosomes in Bcl-xL KO cells increased at all time points of infection. In addition, the intracellular survival of GAS was not affected by knockout of Bcl-xL despite an excessive increase in the rate of GAS internalization. Overall, these results suggest that endogenous Bcl-xL inhibits xenophagy indirectly by suppressing the GAS internalization and directly by inhibiting autophagosome-lysosome fusion.
It is known that Bcl-xL interacts with Beclin 1 and reduces the pro-autophagy activity of PI3KC3 complex under starvation conditions [14, 15] . We established Beclin 1 KO cells and confirmed the function of endogenous Beclin 1 in starvation-induced autophagy. Consistent with the previous study [26] , LC3 puncta formation and LC3-II levels were attenuated by knockout of Beclin 1 under starvation conditions. Beclin 1 is also suggested to be involved in endocytosis pathway [27] [28] [29] [30] [31] . We also confirmed interaction between Bcl-xL and Beclin 1 during GAS infection by immunoprecipitation assay. Internalization ability of GAS in Beclin 1 KO cells decreased significantly, while knockout of other autophagy essential proteins, Atg5 and Atg7, did not affect the GAS internalization. These results suggest that the inhibition of GAS internalization by Bcl-xL is mediated through the Beclin 1 activation and the defect of GAS internalization in Beclin 1 KO cells is not an influence of defect of autophagy pathway. Moreover, knockout of Beclin 1 did not affect GcAV formation, LC3-II levels, GcAV-lysosome fusion and the intracellular survival of GAS. Taken together, our results suggest that Beclin 1 might function as an important regulator of GAS internalization with Bcl-xL, but it is dispensable for the Bcl-xL-mediated regulation of xenophagy.
Finally, we investigated the involvement of Atg14L and UVRAG in xenophagy, because it is known that both proteins interact with Beclin 1 and promote starvation-induced autophagy [16] [17] [18] [19] and the endocytic process [21] [22] [23] [24] 32] . The GcAV formation and GAS internalization were not affected during GAS infection in Atg14L knockdown cells, suggesting that Atg14L is not required for the GAS internalization and autophagy induction. We also showed the interaction of UVRAG and Bcl-xL during GAS infection. A decrease in the rate of GAS internalization in Beclin 1 KO cells was partially rescued by overexpression of UVRAG. Terefore, our results suggest that Beclin 1 may form distinct complexes depending on intra-and extracellular environmental changes such as starvation and GAS infection and Beclin 1-UVRAG but not Beclin 1-Atg14 complex functions in the internalization process of GAS.
In conclusion, our data revealed new functions of anti-apoptotic protein Bcl-xL; it regulates xenophagy directly by inhibiting autophagosome-lysosome fusion and indirectly by suppressing the GAS internalization through its interaction with Beclin 1-UVRAG (Figure 1 ). This study expands our view of the biological function of the Bcl-xL-Beclin 1-UVRAG complex in the bacterial internalization process and anti-bacterial autophagy and will allow us to explore ways to manipulate the functions for potentially therapeutic purposes in infectious diseases by intracellular invasive bacteria.
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